To clarify the mechanism of recently reported, ambipolar carrier injections into quasione-dimensional Mott insulators on which field-effect transistors are fabricated, we employ higher Schottky barriers, the correlation effect is weakened accordingly, owing to collective transport in the one-dimensional correlated electron systems.
n i = σ n iσ . The site energy ǫ i is set at −φ in the crystal and at 0 in the electrodes. The absolute value of the transfer integral | t i,i+1 (t) | is set at t c if either i or i + 1 is in the crystal and at t e otherwise. The on-site repulsion U i is set at U in the crystal and at 0 in the electrodes.
Later, we consider band insulators, for comparison, by using a tight-binding model (U =0) with alternating transfer integrals [t c above is replaced by t c −(−1 
where t denotes time, e the absolute value of the electronic charge, a the lattice constant, and c the light velocity. In order for the Poisson equation to contain only the scalar potential, v i , we use the space-independent vector potential,
for the space-independent component of the electric field,
with L being the number of sites. The gauge invariance of the motion of electrons is proved in Appendix.
The scalar potential v i obeys the Poisson equation on the discrete lattice,
where the parameter V Pi comes from the long-range Coulomb interaction and n Bi from the background charge. Note that the Poisson equation itself is for three dimensions, but the scalar potential is assumed to depend on the position along the channel. If we take an orthorhombic system with lattice constants a, b, and c (not the light velocity here) and dielectric permittivity ǫ (not the site energy here), the Gauss law gives V Pi = 4πa 2 /(bc) × e 2 /(4πǫa), which is proportional to the so-called nearest-neighbor repulsion strength and inversely proportional to the dielectric permittivity ǫ. The parameter V Pi is set at V Pc in the crystal and at V Pe in the electrodes, with V Pe ≪ V Pc . In the ideally metallic electrodes, V Pe would be zero. We use a small but finite value for it to stabilize numerical calculations. For the background charge, the neutrality condition,
is crucial for the boundary conditions at the crystal-electrode interfaces to be compatible with those far from the interfaces. For V D =0, the parameter n Bi is set at n Bc uniformly inside the crystal and at n Be uniformly in the electrodes. They depend on the gate bias U G and the drain voltage V D . Concerning the site dependence of n Bi for V D = 0, we have compared the results with different assumptions: i) n Bi in the crystal is a constant in the left half and another constant in the right half; and ii) n Bi in the crystal is a linear function of i. In both cases, the site dependence of n Bi in the electrodes is also set like that in the crystal. With either of these assumptions, n Bi is numerically obtained with a solution v i to the Poisson equation by imposing the self-consistency. These assumptions are found to produce quantitatively similar results. To show the data below, we use the assumption i).
In principle, the gate bias U G directly determines the potential of the gate electrode, the conclusion below on whether the field-effect characteristics are ambipolar or unipolar.
Then we phenomenologically introduce the gate efficiency factor α 11 [ Fig. 1(b) ] instead of considering the transverse field. The details of the gate insulator including its shape and size are thus ignored. When the voltage at the gate electrode is varied in some range, the amount by which the potential changes at the midpoint of the channel is smaller than this range.
Thus α is generally smaller than unity. For the thinner dielectric film (i.e., for the larger gate capacitance), the smaller gate-bias modulation causes a given amount of the drain-current modulation. 3, 4 This can be interpreted as due to the larger α.
In such circumstances as described above, the gate bias U G appears with the gate efficiency factor α in a boundary value of the Poisson equation,
where i = L/2 is set at the middle of the crystal and i = 0 in the electrode is the furthest point from the crystal-electrode interfaces. Because U G appears only here as a boundary value, we rewrite αU G as U G for simplicity. Then the boundary condition is given by
When the vector potential is added to the scalar potential, the total potential is given by Thus the potential distribution is obtained simultaneously with the current density in the non-equilibrium condition.
The drain current I D is defined in the same manner as in ref. 13 ,
where the current density at time t, given by
is averaged over the period, 0 < t < ∆t with ∆t = 2πL/(4V D ). Its sign is set so that generally
The time-evolution of the current density was compared with the exact one 13 for the pure Hubbard model (without electrodes) at and near half filling in a 
Results
In the quasi-one-dimensional Mott insulator (BEDT-TTF)(F 2 TCNQ) used for the fieldeffect transistors, the intermolecular overlap along the channel is estimated at 0.019, 8 which corresponds to a transfer integral of about 0.2eV, while the polarized reflectivity spectra show a charge gap of about 0.7eV. 14 The work-function difference is estimated at φ ∼ −1eV with gold electrodes. 7 For numerical calculations, we use t c =1, as a unit, and U =2 for Mott insulators, which produces a charge gap of about ∆ CG =0.68 at half filling in the present approximation.
In most of the calculations below, we use t e =1. Thus, compared with the experimental values, the transfer integral in the crystal is larger, while that in the electrodes is smaller. We use them simply because the numerical convergence is generally stable and rapid for comparable transfer integrals. As shown later, the main conclusion is not altered by different transfer integrals.
Below we frequently use V Pc =0.05 and V Pe =10 −3 , so that V Pc /V Pe =50. The numerical results are insensitive to V Pc or V Pe if the ratio is unchanged, so that we mention the ratio only. It is shown later that different ratios do not alter the main conclusion. Below we mostly use the 100-site periodic system with the central 51 sites belonging to the crystal and the peripheral 49 sites to the electrodes.
When the work function of the crystal and that of the electrodes coincide (φ=0), the drain- at the optimum U G at a given V D > V Dth moderately decreases with increasing work-function difference (see the vertical scales). In general, the larger work-function differences bring about the energetically higher and spatially wider Schottky barriers, so that the charge gap is more easily collapsed by the drain voltage (thus V Dth is reduced) and the drain current is generally reduced.
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Below V Dth , however, we find a general tendency (as shown here and below with different parameters) concerning the deviations from the symmetric I D -U G characteristics. When the work function of the crystal is lower than that of the electrodes (φ < 0), I D is slightly larger for U G < 0 than for U G > 0 for a given | U G | at V D < V Dth , as if the hole mobility is higher than the electron mobility. This is consistent with the experimental finding. 7 It can be concluded from this result with the electron-hole exchange operation that, for φ > 0, the I D -U G characteristics behave as if the electron mobility is higher. The drain current I D sometimes shows an oscillating dependence on U G especially for small V D . It is caused partly by averaging the current density, which generally oscillates with a U G -dependent frequency, 13 over the fixed time period, and partly by iteratively obtaining the potential distribution during the application of the drain voltage. It does not have any physical meaning.
The drain current I D has a minimum at is not simple. In the experiment, U min G is reported to be 2-3V. 7 If the gate efficiency factor were unity, it would be much smaller.
We have a few comments on the experimental observation. The nonlinearity in
, as a function of V D , becomes more prominent at low temperatures. 7 The current-voltage characteristics deviate from those expected in the gradual channel approximation largely there. In fact, the assumption on which this approximation is based does not hold in the material with the quasi-one-dimensional and coherent band transport. This point will be discussed in the last section. At high temperatures, however, thermal fluctuations obscure the intrinsic nonlinearity and would make the characteristics similar to those expected in this approximation.
In order to compare the field-effect characteristics in Mott insulators with those in band insulators, we used the tight-binding model with alternating transfer integrals, that with alternating site energies, and that with staggered magnetic fields. We show numerical results for the model with alternating transfer integrals only because the results for the other models are very similar. We use δt=0.17, which also gives a charge gap of ∆ CG =0.68 at half filling.
Band insulators clearly show very asymmetric I D -U G characteristics for finite work-
Only when the work functions coincide, I D is suppressed only for | U G |< ∆ CG /2 and suddenly increases with Fig. 3(a) ].
As shown later in Fig. 4 , the Schottky barriers with φ < 0 are higher for the electron injections The spatial distribution of the total potential Fig. 4(a) for the Mott insulator, and in Fig. 4(b) for the band insulator. Because the work function of the crystal is set lower than that of the electrodes, electrons transfer from the crystal to the electrodes, which make the second derivative of the potential positive in the crystal and negative in the electrodes, lowering the Fermi level of the crystal relative to that of the electrodes. For positive gate bias, U G > 0, the Fermi level of the crystal is further shifted downwards to accommodate electrons, so that the Schottky barriers at the interfaces are made higher. Meanwhile, for U G < 0, the potential is so modified as to accommodate holes, which make the Schottky barriers lower. In both cases, the potential has a long tail toward the middle of the crystal, which is in contrast to the MOSFET, where the larger impurity concentration shortens the depletion length. Roughly speaking, the potential distribution in the Mott insulator is similar to that in the band insulator. However, if one looks carefully at the potential difference between positive and negative gate biases, that for the Mott insulator is found different from that for the band insulator, especially near the crystal-electrode interfaces.
In the case without gate bias (U G =0), the spatial variation of the density of states in the crystal is shown in Fig. 5(a) for the Mott insulator, and in Fig. 5(b) for the band insulator. In both cases, the gap is formed, so that the drain current does not flow. The upper and lower bands correspond to the upper and lower Hubbard bands in Fig. 5(a) , and to the conduction and valence bands in Fig. 5(b) . At the bottom of the upper bands and at the top of the lower bands, the density of states increases abruptly, forming ridges. The ridges have a curvature according to the spatial variation of the potential shown in Fig. 4 . The space and energy dependence of the density of states in the Mott insulator is also similar to that in the band insulator as long as the drain current does not flow. Because their static properties are similar, the difference in their field-effect characteristics must be understood from the dynamical point of view.
In the case with a finite gate bias (U G =0.2), the spatial variation of the density of states in the crystal is shown in Fig. 6(a) for the Mott insulator, and in Fig. 6(b) for the band insulator. In order to see how universal the field-effect characteristics of the Mott insulators are, we used different parameters. They have turned out to be always ambipolar. In Fig. 7(a) Fig. 2(c) for t e /t c =1, the drain current is generally reduced by the larger t e here. It indicates that the mismatch of the bandwidths would contribute to backward scatterings of electrons entering the crystal, reducing the current flowing in the crystal. In Fig. 7(b) , the bandwidth of the electrodes is set smaller than that of the crystal. Here again the drain current is reduced, compared with the case of t e /t c =1. Obvious differences between
Figs. 7(a) and 7 (b) are found in the deviations from the symmetric I D -U G characteristics above V Dth . In the former the hole injections are more effective in increasing I D , while in the latter the electron injections are more effective. The minimum points U min G around V Dth are also shifted in the opposite directions from the point at t e /t c =1.
In Fig. 8 , the ratio of the Coulomb parameters, V Pc /V Pe , is varied. Because of numerically poorer convergence, we use a smaller system than before, but the drain current shows rather irregular behavior. With increasing the ratio V Pc /V Pe , the I D -U G characteristics appear to In order to clarify the origin of the robustness of the ambipolar field-effect characteristics, we show snapshots of charge density (n i ) for both gate bias polarities in Fig. 9 before the drain voltage is applied. It is clearly seen that electrons transfer from the interfacial region inside the crystal to the whole region of the electrodes so as to adjust the relative Fermi levels when the work function of the crystal is set lower than that of the electrodes. Near the middle of the crystal, the charge density is almost flat and near unity due to the strong on-site repulsion. 
Summary and Discussion
In order to clarify the mechanism of the ambipolar field-effect characteristics in MISFET device structures based on organic single crystals of the quasi-one-dimensional Mott insulator (BEDT-TTF)(F 2 TCNQ), 7 we have performed model calculations taking account of the fact that the gate bias does not only modulate the carrier density but also affect the Schottky barriers in this low-dimensional system showing coherent band transport. Such collective transport is reminiscent of the knock-on mechanism in ion channels. 9, 10 K + ions hop in single file (i.e., in a queue) from one binding site to the next as permeation proceeds. Although hopping processes occur temporally in a random fashion, they are spatially correlated. The neighboring ions hop together. Roughly speaking, the occupation of ions in the binding sites is either 0101 or 1010, which is reminiscent of a charge-ordered Mott insulator.
The effective electrostatic repulsion between the ions is manifested at short distances. The concerted multi-ion conduction mechanism is determined largely by the multi-ion free energy surface rather than the dissipative and frictional forces. Thus the ion translocation in the 18/21 multi-ion potential energy surface is essential for achieving a high throughput rate, as clarified by a modified Poisson-Boltzmann theory. 9, 10 When the motion of carriers is coherent and restricted to a one-dimensional system, the gradual channel approximation does not generally work because the contact resistance dominates the channel conductance. Thus the barrier effect is relatively important. In this sense, the mobility reported in the experiment on the quasi-one-dimensional Mott insulator, 7 is an effective one because the mobility is estimated by fitting the current-voltage relation to that based on the gradual channel approximation. The fact that the mobility increases with the drain voltage and depends on the polarity of the gate bias indicates that it is an effective one. The estimated mobility values are indeed very low (by some three orders of magnitude), although the coherent band transport is expected from the temperature dependence of the mobility. 7 The coherent band transport would enhance the relative importance of the Schottky barriers.
It is true that the intermolecular overlaps along the molecular long axis are finite, although they are very small. Considering the transverse field (i.e., the transverse distribution of the potential) and the consequent transverse motion of electrons are necessary not only when a crossover from one-dimensional to three-dimensional systems is discussed but also when the gate bias is so large that the modulation of the longitudinal potential distribution, especially near the crystal-(source/drain) electrode interfaces, is not described by the gate efficiency factor.
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Appendix: Gauge Invariance of Electron Dynamics
For simplicity, we treat the one-dimensional model containing the scalar-potential and transfer terms only, by setting ǫ i = U i = 0 and | t i,i+1 (t) |= t 0 in eq. (1). The total force from the scalar and vector potentials is shown to be given symbolically by
independently of the gauge. For intuitive understanding, let us first take a plane wave, exp [ikr] at the position r = ja with integer j. 
